Three sets of blood samples were obtained from beef calves of two experimental populations and assayed for various immunological measurements. The first set of samples was taken between 24 and 48 h after birth and quantified for IgG~ concentration. A second set was taken immediately prior to vaccination for infectious bovine rhinotracheitis virus (IBRV; at an average age of 164 d) and a third set taken 60 d post-vaccination. These later samples were quantified for antibodies specific to 1BRV. Level of complement C3 was also quantified in the samples taken immediately prior to vaccination. Three hundred sixty-seven calves were from four Hereford lines; three lines were previously selected for growth traits and the fourth was a randomly selected control line. There were no consistent differences in immune traits among these lines. The second group of 165 animals were Angus, Hereford and Red Poll calves. While Angus calves had a higher mean IgG t concentration at 24 to 48 h of age than Hereford or Red Poll calves, no differences among breeds were found for the other immune traits measured. Calves from older dams (>3 yr old) tended to have higher mean lgGa concentrations, pre-vaccination IBRV antibody titers and complement C3 levels than calves from 2-and 3-yr-old cows. However, these calves had lower 60-d post-vaccination IBRV titers than calves from the younger cows (P<.05). As pre-vaccination I.BRV antibody titer increased, post-vaccination IBRV antibody titer decreased (P<.05). All pooled heritability estimates did not differ significantly from 0 (range -.06 + .08 to .21 +-.12), nor were there significant phenotypic associations between the immune traits and growth performance. (
Introduction
To provide immune protection to the ungulate neonate, maternal immunoglobulins from colostrum are actively absorbed across the intestinal wall during the first 24 to 36 h after birth (Bush and Staley, 1980) . Estimates of heritability for neonatal immunoglobulin levels in cattle (Norman et al., 1981) and sheep (Berggren-Thomas, 1985; Gilbert et al., 1986) ance may decrease livestock losses due to disease. Studies in cattle (Lie, 1979) , sheep (Nguyen, 1984; Berggren-Thomas, 1985) and swine (Buschmann et al., 1974; Rothschild et al., 1984a,b) have investigated genetic variation for immune response against an antigen. In these studies, heritability estimates ranged from .05 + .20 to .70 + .13. This study was designed to examine genetic variation among and within genetic groups for: serum IgG 1 concentration at 24 to 48 h of age, IBRV (infectious bovine rhinotracheitis virus) antibody titers immediately prior to IBRV vaccination as well as 60 d post-vaccination, and complement C3 level immediately prior to vaccination. Some potential environmental sources of variation affecting these immune traits (e.g., sex of calf, age of calf and of dam, inbreeding of calf and of dam and birth weight) also were examined, and phenotypic associations among immune traits and between immune traits and growth were studied.
Materials and Methods
Populations. At 
Laboratory
Analyses. Blood samples were allowed to clot at room temperature and centrifuged at 1,100 • g for 10 min. Serum was removed and stored at -20 C. The 24-to 48-h serum samples were assayed for IgG 1 concentration by a single radial immunodiffusion (SRID) gel procedure (Fahey and McKelvey, 1965) . Five dilutions of an lgGz protein standard were included on each plate of the assay, allowing estimation of mg IgGl/ml serum for each sample.
The later serum samples were assayed for titers of antibodies specific to 1BRV virus by a kinetic-based, enzyme-linked immunosorbent assay (k-ELISA; Barlough et al., 1983) . Five serum standards previously quantified for serum neutralization titer to IBRV using serum neutralization techniques, were included on each plate of the assay. A standard curve was constructed for each plate and a predicted serum neutralization titer (expressed as the reciprocal of the dilution of serum-virus neutralization antibodies) was determined for each sample. Linear quantitative data were collected using the k-ELISA technique and converted to a continuous scale of titers, circumventing serial dilutions of test sera as used in the serum neutralization technique.
Serum samples taken at an average age of 164 d were assayed also for complement C3 component by SRID gel procedures (Gewurz and Suyehira, 1980) . In addition to the sample sera, five dilutions of a serum standard were assayed on each plate. The level of C3 in each test serum was expressed in serum units (SU) relative the serum standard. The amount of C3 in the serum standard was defined as 100 serum units (SU).
An intra-assay coefficient of variation (CV) was obtained for each assay as the average of the CV among sample duplicates (SRID assay for IgG 1 level) or among sample quadruplicates (k-ELISA assay for IBRV-specific antibodies and SRID assay for complement C3 level). An inter-assay serum standard was included on each plate of each assay. Each assay's repeatability over time was evaluated by the CV of this standard.
Statistical Analyses. The distributions of
IgG 1 at 28 to 48 h of age, IBRV antibody titer prior to vaccination, IBRV antibody titer 60 d post-vaccination and complement C3 level prior to vaccination did not differ from normality. Statistical analyses for these immune traits were done by analysis of variance (Harvey, 1975) . Data from Selection Experiment and GPU populations were analyzed separately.
In preliminary analyses, all two-factor interactions among line or breed of calf, sex and age of dam were tested for statistical significance. However, none was important. In additional analyses of serum IgG1 concentration, linear and curvilinear effects of birth weight were analyzed within line or breed as potential sources of variation. In the analyses for IBRV titers prior to vaccination and 60 d post-vaccination and complement C3 level, factors included as potential sources of vari-ation were linear and curvilinear effects of birth weight within line or breed, serum IgG1 concentration within line or breed and age of calf. Linear, quadratic and cubic effects of inbreeding of dam and calf on all immune traits were analzyed as covariates in the Selection Experiment Hereford population. All regression polynomials were sequentially tested and eliminated if not significant. The final mathematical model for each immune trait within each population included line or breed of calf, sire within line or breed, sex, age of dam and terms through the highest order of polynomial that was significant for each covariate. All effects were assumed fixed except sire within line or breed. The mean square for sire within line or breed was the error term for line or breed, respectively. The residual mean square was used for testing all other sources of variation. Mean squares from analyses of the final model for each immune trait within each population were used to compute sire and residual variance components for deriving paternal half-sib heritability estimates for each population. To determine pooled heritability estimates (across populations), pooled sire and residual mean squares for each immune trait were obtained by adding the respective degrees of freedom and sums of squares from the separate analyses of the two populations. Standard errors of heritabilities were approximated using the method of Dickerson (1969) .
Phenotypic and genetic correlations among the immune traits were determined in a single "analysis within each population. The model included the effects of line or breed, sire within line or breed, sex of calf and age of dam. 9 Weights at time of vaccination and at weaning and average daily gains from birth to these two weights were included as dependent variables in additional analyses to obtain phenotypic correlations and genetic correlation estimates between the immune traits and growth.
To estimate pooled phenotypic correlations among immune traits and between immune traits and growth traits, pooled among-sire and residual covariances among traits, as well as pooled among-sire and residual mean squares for each trait were determined. In obtaining pooled covariances, respective degrees of freedom and crossproducts for the Selection Experiment Herefords and the GPU population were added.
Genetic correlations were unestimable due to negative sire components or not valid because of very large Standard errors.
Pairwise comparisons among breeds, selection lines and dam age groups were made using Bonferroni t statistics (Gill, 1978) .
Results and Discussion
The intra-and inter-assay coefficients of variation for the IgG1, SRID, the IBRV-specific k-ELISA and the complement C3 SRID assays were 7 and 10%, 4 and 20%, and 8 and 15%, respectively, indicating satisfactory assay repeatability between sample replicates and over time. The average coefficients of determination (r 2) for standard curves of each assay were .96, .96 and .94, respectively.
The overall least-squares means of each immune trait, as well as the least-squares means for the genetic groups, both sexes and the age of dam groups are presented for the Selection Experiment Herefords in table 1 and for the GPU population in table 2. Coefficients of significant regressions are given in tables 3 and 4 for the Selection Experiment Herefords and the GPU herd, respectively.
Perinatal IgG t. Among the Selection Experiment Hereford lines, the randomly selected control line had the highest mean perinatal (24 to 48 h of age) lgG 1 concentration, and was significantly higher than the yearling weight line. In the Germ Plasm Utilization herd, breeds differed in calf IgG 1 level, with Angus calves having a higher mean concentration than Red Poll and Hereford calves (P<.05). Angus calves were observed to be more active during the first 24 h after birth than calves of the other two breeds. Perhaps this increased activity decreased the time of birth to colostrum ingestion, and so increased imfiaunoglobulin absorption in the Angus calves.
Male and female calves did not differ in perinatal IgG 1 levels. Calf IgG1 level at 24 to 48 h of age increased as age of the dam increased. However, this difference was significant only in the Selection Experiment Herefords. In the GPU population as birth weight increased, IgG 1 level increased in Angus calves (P<.IO) but decreased in Hereford calves (P<.IO). Level of IgG1 in Red Poll calves was not affected by birth weight. Birth weight did not affect level of lgG1 in the Selection Experiment Hereford calves.
IBR V Antibody Titer. The randomly selected CLine abbreviations are weaning weight (WWL), yearling weight (YWL), index of yearling weight and muscling score (IXL) and randomly selected control (CNL).
d'eMeans within the same trait and effect with no superscript in common differ (P<.05).
f'g'hMeans within the same trait and effect with no superscript in common differ (P<.01). e'fMeans within the same trait and effect with no superscript in common differ (P<.01). / control line had the highest mean titer of IBRV antibodies prior to vaccination and was significantly higher than the line selected for an index of yearling weight and muscling score. Sixty days post-vaccination, the index line was highest in mean IBRV titer and differed significantly from the line selected for weaning weight.
Levels of pre-vaccination IBRV antibodies did not differ among Angus, Hereford and Red Poll calves, nor did the breeds differ in antibody titer 60 d post-vaccination.
Male and female calves did not differ in IBRV antibody titers at either time of measurement. Calves from older cows tended to have higher mean titers of pre-vaccination IBRV antibodies than calves from younger cows. In the Selection Experiment Hereford population, mean titers 60 d post-vaccination decreased as age of dam increased from 2 to 4 yr and greater (P<.01). Similarly, within the GPU herd, calves from 4-to 7-yr-old cows had lower mean postvaccination titers than calves from 3-yr-old cows (P<.01). The quadratic regressions of IBRV titers at pre-vaccination and 60 d post-vaccination on perinatal IgG 1 were significant in both populations. As perinatal IgG 1 concentration increased to 50 mg/ml, pre-vaccination IBRV antibody titer increased and IBRV antibody titer 60 d post-vaccination decreased. As perinatal IgG 1 increased above 50 mg/ml, pre-vaccination antibody titer decreased while antibody titer 60 d post-vaccination increased.
Several regressions involving IBRV titer 60 d post-vaccination were significant in the Selection Experiment Hereford population. As prevaccination IBRV titer increased, a linear decrease in post-vaccination titer occurred (P<.05). Postvaccination titer increased as calf age increased (P<.01). As dam inbreeding increased to 4%, a very slight increase in IBRV titer 60 d postvaccination was found. Dam inbreeding greater than 4% and up to 12% was associated with a decrease in post-vaccination antibody titer.
Interactions of Antibody Levels, Existing
antibodies immediately prior to vaccination may have been of colostral origin or from previous subclinical infections. Several observations support the interpretation that maternal antibodies probably were present at vaccination. In both populations, as perinatal IgG1 concentration increased, an increase in titer of prevaccination IBRV antibodies was found. Both IgG 1 and IBRV antibodies are components of colostral immunoglobulins, the former being antibodies of a specific subclass and the latter being antibodies to a specific antigen (IBRV). It may be that calves obtaining high levels of colostral IgG 1 acquired high colostral titers specific to IBRV as well. These IBRV antibodies may not have been completely catabolized, leaving some still present at vaccination.
Age of dam influenced all the immune traits measured. As age of dam increased, perinatal IgGl level increased. This may reflect an increase in immunoglobulin concentration in colostrum of older cows (Frerking and Aeikens, 1978; Norman et al., 1981) , more total colostrum produced by the older cows or better mothering by the older, more experienced dams, decreasing the time from birth to colostrum ingestion. Calves from older cows had higher titers of pre-vaccination IBRV antibodies than calves from younger cows. It is possible that more colostral antibodies were present immediately prior to vaccination in calves from older cows because higher titers of IBRV antibodies, as well as higher levels of IgGl, were available to them at birth. The age of dam effect also was significant for post-vaccination IBRV antibody titer, with calves from older cows having lower titers than calves from younger cows. If calves from older cows, those with higher titers of residual pre-vaccination IBRV antibodies, had greater neutralization of the vaccine, a lower vaccination response would occur and lower titers 60 d later would result.
As age of Selection Experiment Hereford calves increased, IBRV antibody titer 60 d post-vaccination also increased. A possible explanation for this may be that younger calves had less time to catabolize colostral immunoglobulins. Therefore, more maternal IBRV antibodies may have been present to neutralize the IBRV vaccine. A lower vaccination response would result and lead to lower levels 60 d later. Older calves may have had less residual maternal antibodies at time of vaccination, less interference with the vaccine, a greater vaccine response and higher titers 60 d later.
Titers of IBRV-specific antibodies at 24 to 48 h after birth also were quantified for approximately 18% of the calves. The mean titers were 27.4 + .6 and 37.9 + 3.2 in the Selection Experiment Hereford and GPU populations, respectively. If calves had lost these IBRV colostral antibodies at the rate of one-half their remaining antibody titers every 82 d, the pre-vaccination titers found in this study (4.8 + .15 and 4.6 -+ .40, respectively) would have been expected. However, if the half-life of these proteins was that long, the antibodies must be extremely resistant to proteolytic decay. In the study by Brar et al. (1978) , a half-life of 21 d was estimated for IBRV-specific antibodies in calves known to be free from natural infection of IBRV. If 21 d were the half-life for antibodies in calves of this study, colostral antibodies would be at a very low level by 84 d of age, and responses to IBRV infections would have begun. Multiple exposures to IBRV can be expected in cattle herds as large as the Selection Experiment Hereford and GPU populations. Thus, the antibodies existing immediately prior to vaccination may have been produced in response to natural infection. Yet regardless of the origin of IBRV antibodies present immediately prior to vaccination, they appear to have inhibited vaccination response.
Antibodies measured 60 d post-vaccination may have been synthesized in response to the vaccination, or they have been uncatabolized antibodies remaining in the body since before the vaccination. The design of the experiment did not allow us to differentiate easily among maternal antibodies, antibodies generated in response to infection and those generated in response to the vaccination.
Complement C3 Level. When activated, complement proteins of the blood interact in an ordered sequence and mediate an inflammatory response as well as cause irreversible membrane lesions and lysis of invading cells (Douglas, 1984) . Complement C3 is the major protein of the complement system. No differences were found in levels of complement C3 among lines of the Selection Experiment Hereford population or breeds of the GPU herd.
Female calves were significantly higher in mean complement C3 level than male calves in both populations. The reason for this sex differences is not obvious. Calves from younger cows (2 and 3 yr of age in the Selection Experiment Hereford and the GPU populations, respectively) were significantly lower in mean C3 level than calves from older cows (4 to 9 yr old in the Selection Experiment Herefords and 4 to 7 yr old in the GPU herd).
Inbreeding of the calf significantly affected C3 levels in the Selection Experiment Herefords. As inbreeding increased to 5%, there was a slight increase in complement C3 level (5 SU). As inbreeding increased above 5% and to 9%, C3 level decreased (18 SU). Within the GPU herd, as birth weight increased, C3 level increased in Angus calves (P<.05) but decreased in Red Poll calves (P<.10). Level of C3 was not affected by birth weight in Hereford calves.
Heritabilities. Pooled heritability estimates for the immune traits are presented as the diagonal elements of table 5. All estimates were low and nonsignificant.
The heritability estimate for perinatal IgG t level was much lower than the heritabilities obtained by Normal et al. (1981) for calf IgGt level at 24 and 36 h of age (.52 -+ .28 and .69 -+ .30, respectively) . Muggli et al. (1984) estimated heritabilities of .23 + .17 and -.07 + .27 (in Selection Experiment Herefords and the GPU population, respectively) for IgG 1 level at 24 and 48 h of age when IgG1 level was considered a trait of the dam rather than a trait of the calf. These estimates were calculated using maternal grandsire variance components and included data from some additional calves for whom later immunological traits were not available.
The heritability estimate for IBRV antibody titer 60 d post-vaccination was lower than the Lie (1979) . As mentioned earlier, IBRV antibodies measured 60 d postvaccination may have included antibodies due to a natural infection as well as those synthesized in response to vaccination. Lie et al. (1983) estimated a heritability of .69 + .15 for serum haemolytic complement activity in immunized cattle. A nonsignificant heritability was estimated in this study for C3, one of the components of the haemolytic complement pathway. The nonsignificant heritability estimates obtained for all immune traits examined indicate that improvement of these traits through genetic selection would be difficult.
Correlations Among Immune Traits. Pooled phenotypic correlation coefficients among the immune traits are presented in table 5. All correlations were small or nonexistent.
Correlations Between Immune Traits and
Growth Traits. Pooled phenotypic correlations between humoral immune traits and weights at approximately 164 d of age and at weaning and average daily gains from birth through approximately 164 d of age and from birth through weaning were determined (table 5). All pooled phenotypie correlations between perinatal IgGl level and growth traits were significant and ranged from .11 to .19. These modest positive correlations suggest that a calf receiving greater amounts of colostral IgG1 might continue to receive greater nourishment throughout the suckling period and so grow more rapidly. It may also be that the increased IgGt level results in a healthier calf that is better able to express its growth potential. Phenotypic correlations of the other immune traits and production traits were small and generally nonsignificant.
Conclusions
As previously mentioned, the design of the experiment did not allow determination of the origin of IBRV antibodies measured at various times. Better monitoring of the levels by more frequent bleedings might allow detection of the decline of maternal antibodies and the increase due to the calf's own antibody synthesis. Another way to avoid the inherent problems of maternal antibodies and natural infections interfering with the vaccination response and it's measurement would be to immunize the calves wi~ an antigen to which their immune systems were naive. True antibody response due to vaccination could then be determined.
Another improvement on the experimental design might be to sample the animals earlier than 60 d post-vaccination. Measurement 28 d post-vaccination might be more suitable because peak level of antibodies against IBRV antigen occurs around 28 d post-vaccination (Gerber et al., 1978) . In this study, persistence of antibodies may have been measured rather than peak response. Biozzi et al. (1979) successfully selected mice for increased antibody titer against sheep and pigeon red blood cells given in alternating generations. Yet these same mice were less efficient at catabolizing the antigen within phagocytic cells called macrophages, and the antigen was more persistent within the body. These mice were more susceptible to classes of pathogens for which immunological defense is primarily by phagocytic means. There is an important lesson from the finding of Biozzi et al. (1979) : before sound recommendations can be made concerning selection for improved disease resistance, associations among immune traits must be known. The results of this experiment suggest the existence of intricate associations among the antibody-mediated immune traits measured. However, complement C3 level was not shown to interact with the other immune traits.
